A Publication of The Association of Bone and Joint Surgeons® 1989 and November 2011 met our inclusion criteria; the trials comprised a total of 1279 patients surgically treated for open tibial shaft fractures. Results Moderate confidence evidence showed that unreamed nailing may reduce the likelihood of reoperation compared with external fixation (network odds ratio [OR], 0.38; 95% CI, 0.23-0.62; p \ 0.05), although not necessarily compared with reamed nailing (direct OR, 0.74; 95% CI, 0.45-1.24; p = 0.25). Only low-or very low-quality evidence informed the primary outcome for other treatment comparisons, such as those involving internal plate fixation, Ilizarov external fixation, and Ender nailing. Method ranking based on reoperation data showed that unreamed nailing had the highest probability of being the best treatment, followed by reamed nailing, external fixation, and plate fixation. CIs around pooled estimates of malunion and infection risk were very wide, and therefore no conclusive results could be made based on these data. Conclusion Current evidence suggests that intramedullary nailing may be superior to other fixation strategies for open tibial shaft fractures. Use of unreamed nails over reamed nails also may be advantageous in the setting of open fractures, but this remains to be confirmed. Unfortunately, these conclusions are based on trials that have had high risk of bias and poor precision. Larger and higher-quality head-tohead randomized controlled trials are required to confirm these conclusions and better inform clinical decisionmaking. Level of Evidence Level I, therapeutic study.
Abstract
Background Open tibial shaft fractures are one of the most devastating orthopaedic injuries. Surgical treatment options include reamed or unreamed nailing, plating, Ender nails, Ilizarov fixation, and external fixation. Using a network meta-analysis allows comparison and facilitates pooling of a diverse population of randomized trials across these approaches in ways that a traditional meta-analysis does not. Questions/purposes Our aim was to perform a network meta-analysis using evidence from randomized trials on the relative effect of alternative approaches on the risk of unplanned reoperation after open fractures of the tibial diaphysis. Our secondary study endpoints included malunion, deep infection, and superficial infection. Methods A network meta-analysis allows for simultaneous consideration of the relative effectiveness of multiple treatment alternatives. To do this on the subject of surgical treatments for open tibial fractures, we began with systematic searches of databases (including EMBASE and MEDLINE) and performed hand searches of orthopaedic journals, bibliographies, abstracts from orthopaedic conferences, and orthopaedic textbooks, for all relevant material published between 1980 and 2013. Two authors independently screened abstracts and manuscripts and extracted the data, three evaluated the risk of bias in individual studies, and two applied Grading of Recommendation Assessment, Development and Evaluation (GRADE) criteria to bodies of evidence. We included all randomized and quasirandomized trials comparing two (or more) surgical treatment options for open tibial shaft fractures in predominantly (ie, [ 80%) adult patients. We calculated pooled estimates for all direct comparisons and conducted a network meta-analysis combining direct and indirect evidence for all 15 comparisons between six stabilization strategies. Fourteen trials published between Each author certifies that he or she has no commercial associations (eg, consultancies, stock ownership, equity interest, patent/licensing arrangements, etc) that might pose a conflict of interest in connection with the submitted article. All ICMJE Conflict of Interest Forms for authors and Clinical Orthopaedics and Related Research 1 editors and board members are on file with the publication and can be viewed on request. This study was performed at McMaster University, Hamilton, Ontario, Canada.
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Introduction
Open fractures of the tibial diaphysis are caused by highenergy trauma, most often from traffic accidents [9, 46] . Fractures of the tibial diaphysis constitute the most common open long-bone fracture, occurring in approximately two per 10,000 persons per year in the developed world [8] [9] [10] . There is also a growing epidemic of open tibial fractures in populations in low-and middle-income countries [6, 24] .With rapidly increasing rates of motorization occurring in developing countries [24] , identifying optimal treatment of fractures of the tibial diaphysis is a global surgical priority.
Despite the importance of surgery to treat these injuries, a comprehensive systematic review of all approaches to treat open tibial fracture does not exist. Previous reviews have focused on intramedullary nailing and have been based on a small number of trials [3, 4] . There has been a resurgence of randomized trials evaluating different treatment modalities for open fractures, including comparisons of reamed with unreamed intramedullary nailing [27, 40, 42] ; intramedullary nailing with ender nailing [41] ; intramedullary nailing with external fixation [30, 39] ; external fixation (AO) with the Ilizarov technique [12] ; and plate osteosynthesis with intramedullary nailing [45] .
Because of the many alternative surgical approaches and the small number of patients studied in available trials evaluating treatment modalities for open tibial fracture, the best stabilization strategy remains unclear. Some trials have been underpowered to evaluate key surgical outcomes [14] , which suggests a need for a meta-analysis to pool results across trials. However, traditional meta-analyses can evaluate only the relative efficacy of two treatments at a time. Given the many alternative stabilization strategies that exist for open tibial shaft fractures, not all of which have been compared in head-to-head studies, new methodologic techniques are required to provide effect estimates for all comparisons.
Network meta-analyses, also called multiple-treatment comparison meta-analyses, provide an approach to simultaneous consideration of the relative effectiveness of multiple treatment alternatives [17, 23, 29] . The benefit of a network meta-analysis includes the potential for providing indirect evidence, which refers to the determination of relative treatment effects between two treatments when head-to-head trials (ie, direct evidence) are not available [29] .
We therefore conducted a network meta-analysis of randomized trials in orthopaedic trauma surgery to identify the surgical stabilization strategies for open tibial shaft fractures with the least complications. Specifically, our primary endpoint was to identify the stabilization technique associated with the lowest risk of unplanned reoperation. Our secondary study endpoints included malunion, deep infection, and superficial infection.
Search Strategy and Criteria
In the search process for our meta-analysis, we included published and unpublished findings from randomized and quasirandomized trials that met the following eligibility criteria: (1) the study enrolled adult patients with open fractures of the tibial diaphysis. Studies were included if more than 80% of the patients were 18 years or older at the time of enrollment; (2) the study compared any two of the following stabilization techniques: plate fixation, external fixation (by any method), reamed and unreamed intramedullary nailing, Ender intramedullary nailing, or conservative treatment (cast, brace, splint); and (3) all important unplanned reoperations were reported (Table 1) .
Studies were excluded if, for any enrolled patient: (1) stabilization had been delayed more than 48 hours, or (2) irrigation and débridement of the open wound was delayed more than 12 hours, (3) the stabilization technique was preceded by another form of operative stabilization (eg, external fixation before intramedullary nailing), or (4) fractures extended into the knee or ankle.
Our primary outcome measure was unplanned, clinically important reoperations ( . In EMBASE and MEDLINE, we combined subject-specific search strategies with The Scottish Intercollegiate Guidelines Network (SIGN) filter for randomized controlled trials [38] . No language restriction was applied.
Two reviewers (CJF, KNV) searched the reference lists of all key articles for additional eligible trials. We hand searched the table of contents of four major orthopaedic journals, including Journal of Bone and Joint Surgery (American and British editions), Journal of Orthopaedic Trauma, and Clinical Orthopaedics and Related Research 1 , from January 2009 to February 2013, and posters, abstracts, and presentations from three major orthopaedic meetings held between 2009 to 2013 (American Academy of Orthopaedic Surgeons, Orthopaedic Trauma Association, Canadian Orthopaedic Association). Two content experts (MB, PT) were consulted to identify any previously unidentified trials.
Detailed review of clinical trial registries included use of: (1) ClinicalTrials.gov, (2) Two authors (CJF, KNV) made independent decisions regarding eligibility based on a priori criteria presented on predeveloped forms.
Two reviewers (CJF, KNV) conducted title, abstract, and full-text screening in duplicate. A third author (MB) adjudicated any differences in opinion.
Two reviewers (CJF, KNV) extracted important patient and injury characteristics, including patient age, sex, smoking status, comorbidities, American Society of Anesthesiologists grade, location of the fracture in the tibial shaft, Gustilo grade, and description of the fracture orientation (eg, transverse, oblique). In addition to the stabilization strategy, we recorded information regarding the timing of surgery, type of antibiotic used, type of irrigation solution, and irrigation pressure, timing, and type of wound closure and coverage, and adjunctive treatment, such as antibiotic bead pouch use or delayed bone grafting. We extracted all important, unplanned reoperation events reported in all manuscripts. Methodologic features included whether the trial protocol was registered, years of recruitment and publication, location and number of study centers, trial type (quasirandomized; parallel, randomized), and length and completeness of followup. Reviewers collected all this information independently, in duplicate, and resolved disagreement by discussion. If discussion failed to resolve the issue, a third party (MB) adjudicated the issue.
Three authors (CJF, RM, HC) made independent assessments of risk of bias using a modification of the Cochrane Handbook for Systemic Reviews of Interventions 5.1.0 risk of bias tool (updated March 2011) [15, 20] that addresses six criteria, including random sequence generation, allocation concealment, level of blinding of participants and personnel, level of blinding of outcome assessors, completeness of followup, and risk of selective reporting bias. We rated the overall risk of bias for each trial that was defined as high-risk if more than two highrisk criteria were met, moderate-risk if one to two high-risk criteria were met, and low-risk if there were no high-risk criteria. Quasirandomized trials are at high-risk of violating the first three criteria (random sequence generation, concealment, and blinding) and therefore were categorized at high risk of bias. We used a weighted kappa with quadratic weights to quantify reviewer agreement for inclusion of full-text articles. The three categories for agreement were agreement, disagreement, and partial agreement (in instances where it was unclear to us whether the trial should be included). We chose an a priori criterion of a kappa of 0.65 or greater as adequate agreement [3, 33] .
Differences in the estimates of the magnitude-of-treatment effect among the trials suggested important sources of heterogeneity. For direct comparisons, heterogeneity of trials was assessed using the I 2 statistic from the Cochran Q statistic [21] . When I 2 was greater than 40%, we conducted one predefined subgroup analysis (trials with only Gustilo Grade III fractures versus inclusion of other Gustilo grades) and one sensitivity analysis (quasirandomized compared with randomized trials).
For direct comparisons, we first used a random-effects model to pool effect estimates from included trials and report odds ratios (OR) with 95% CI. These analyses were performed using RevMan Version 5 (The Cochrane Collaboration, 2014; The Nordic Cochrane Centre, Copenhagen, Denmark). Second, for our primary outcome of reoperation, we conducted a fixed-effects multipletreatment comparison meta-analysis using a Bayesian Markov chain Monte Carlo method and reported ORs with 95% CIs. A fixed-effects model was chosen a priori based on expectations of a fixed relative effect of fracture treatment across study populations. We used a node-splitting procedure to generate separate estimates from direct and indirect evidence for all 15 possible comparisons. We evaluated if there was no difference between direct and indirect estimates using alpha = 0.05 level of significance.
We fitted a frequentist inconsistency model that allowed for the treatment effect to vary across study designs. Using this model, we performed a global test for differences between direct and indirect comparisons (incoherence).
We also calculated the probability of each treatment having the lowest reoperation rate, second lowest, third lowest, and so on. This was done by calculating the OR for each type of stabilization strategy compared with an arbitrary common control group and counting the percentage of iterations of the Markov chain in which each treatment had the lowest OR, the second lowest, and so on. The Surface Under the Cumulative RAnking curve (SUCRA) method was used to assess the cumulative probability of each stabilization strategy being superior compared with alternatives [34] . In short, SUCRA measures the area under the curve, with the vertical axis representing the cumulative probability for a given intervention to be ranked first, then first or second, then first or second or third, and so on. The horizontal axis represents the number of ranks any given intervention may assume.
Additionally, we performed a meta-regression of trials comparing unreamed nailing with external fixation to evaluate if the Gustilo grade (Grade III versus all Gustilo grades) modified the relative odds of reoperation. In trials that included all Gustilo subtypes, it would be expected that Types I and II would represent most of the fractures. Analyses were conducted using StatsDirect (version 2.5.2; StatsDirect Ltd, Altrincham, Cheshire, UK), Stata 1 (version 9; StataCorp LP, College Station, TX, USA) and WinBUGS version 1.4 (Medical Research Council Biostatistics Unit, Cambridge, UK).
The Grading of Recommendation Assessment, Development and Evaluation (GRADE) is a system that enables assessment of the confidence in estimates of treatment effect (quality of evidence), considering study design (in our case, randomized trials) and issues of risk of bias, imprecision, inconsistency, indirectness, and publication bias [16, 18] . Two reviewers (CJF, KNV) independently applied GRADE to make direct comparisons using established methods bias [16, 18] , and to make indirect comparisons using recently suggested methods from the GRADE working group [32] . GRADE guidance includes rating down indirect comparisons when there is suspicion of possible effect modification attributable to differences in patients, optimal use of interventions, or measurement of outcomes across the direct comparisons that informed the indirect comparisons (which we refer to as intransitivity). In the event that direct and indirect evidence was consistent (yielded similar estimates of effect), we combined the results and considered the resulting network meta-analysis estimate the best estimate of effect. If results of direct and indirect estimates differed significantly (incoherence), we used the estimate warranting greater confidence as our best estimate of effect.
Literature Search
We identified 1396 articles: 232 from the Cochrane Register of Randomized Controlled Trials, 752 from EMBASE, 411 from MEDLINE, and two from bibliographic review (Fig. 1) . Deduplication removed 333 references; the remaining 1064 articles underwent title and abstract review, of which 20 proved potentially eligible for our survey and underwent full-text review. Another six articles were excluded (Appendix 1. Supplemental materials are available with the online version of CORR 1 ), leaving 14 eligible studies [2, 12, 13, 19, 22, 25, 27, 30, 39, [41] [42] [43] [44] [45] for our survey. The weighted kappa for full-text article eligibility was good (j = 0.79; 95% CI, 0.46-0.98).
Of 14 eligible studies, 13 were published in English and one in Persian. Eight of the studies were randomized [2, 13, 25, 27, 30, 41, 42, 45] and six were quasirandomized controlled trials [12, 19, 22, 39, 43, 44] . Five studies included patients with open and closed fractures [13, 27, 41, 42, 45] ; however, we extracted and included data only from the subset of patients with open fractures in these trials. In Fig. 1 The PRISMA flow diagram shows the study selection process. PRISMA = Preferred Reporting Items for Systematic Reviews and Meta-Analyses.
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Open Tibial Shaft Network Meta-analysis 2183 total, the trials assigned 1279 patients with open tibial fractures to one of six stabilization strategies. We performed our multiple-treatment comparison meta-analysis with head-to-head comparisons, including corresponding OR, 95% CIs, and GRADE confidence assessments for seven (of a possible 15) direct comparisons among six stabilization techniques (Fig. 2) . Mean followup in the trials ranged between 12 months and 3.8 years ( Table 2) . Of the 14 studies, two reported the irrigation solution and volume, 10 provided information regarding perioperative antibiotic type, and 11 disclosed the management of soft tissues (Table 3 ). Only six studies provided information describing the types of fractures or level of fracture comminution (Appendix 2. Supplemental materials are available with the online version of CORR 1 ). Definitions for nonunion varied considerably among trials (Appendix 3. Supplemental materials are available with the online version of CORR 1 ); therefore, we did not report nonunion as a secondary outcome but included reoperations for nonunion in our primary outcome. Perioperative complications, including death, fat embolism, pulmonary thromboembolism, blood loss, and compartment syndrome were seldom reported.
One trial was at low risk of bias [42] , three studies were at moderate risk [25, 27, 45] , and the remainder were high risk [2, 12, 13, 19, 22, 30, 39, 41, 43, 44] . Four trials concealed allocation [25, 27, 42, 45] , but only one trial blinded outcome assessors [42] . The Cochrane risk of bias plot shows the assessments conducted for each study included in our review (Fig. 3) . Few patients were lost to followup in any of the studies.
Direct (head-to-head) evidence for clinically important, unplanned reoperations was found ( Figs. 2 & 4) . Four trials compared unreamed with reamed nailing (n = 547) as a management technique [13, 25, 27, 42] and five compared unreamed nailing with external fixation (n = 402) [19, 30, 39, 43, 44] . The five remaining trials [2, 12, 22, 41, 45] compared (1) unreamed intramedullary nailing with Ender nailing (n = 75); (2) external fixation with Ender nailing (n = 57); (3) plate with external fixation (n = 56); (4) Ilizarov with AO external fixation (n = 120); and (5) reamed nailing with plate fixation (n = 40) for treatment of patients with tibial fractures.
Results

Unplanned Reoperation
Unreamed nailing resulted in lower odds of unplanned reoperations compared with external fixation (network OR, 0.38, 95% CI, 0.23-0.62; moderate confidence) ( Table 4 ). The meta-regression performed to evaluate the effect of Gustilo grade on odds of reoperation in trials comparing unreamed nailing with external fixation provided no difference in effect (interaction, p = 0.84), which suggested that the relative treatment effect of unreamed nailing versus external fixation was consistent across Gustilo grades.
Comparing unreamed with reamed nailing, direct evidence did not show a reduction in the odds of the patient requiring a clinically important reoperation (OR, 0.74; 95% CI, 0.45-1.24; moderate confidence), although indirect evidence did (OR, 0.07; 95% CI, 0.01-0.46; low confidence). The differences in the magnitudes of the direct and indirect effect estimates were statistically significant (p = 0.02), a finding referred to as incoherence. Because of this incoherence, we decreased our confidence in the combined (network) estimate to low confidence as well (network OR, 0.62; 95% CI, 0.37-1.03), and the direct estimate therefore was considered the best estimate (Table 4 ). Best available evidence for the following treatments showed superiority over the associated comparator: unreamed nailing was superior to external fixation (OR, 0.39; 95% CI, 0.23-0.65; moderate confidence); unreamed nailing was superior to plate fixation (OR, 0.20; 95% CI, 0.07-0.53; low confidence); reamed nailing was superior to plate fixation (OR, 0.33; 95% CI, 0.12-0.87; low confidence); Ender nailing was superior to external fixation (OR, 0.25; 95% CI, 0.07-0.91; low confidence); external fixation was superior to plate fixation (OR, 0.25; 95% CI, 0.08-0.81; low confidence); and Ilizarov fixation was superior to plate fixation (OR, 0.21; 95% CI, 0.05-0.83; very low confidence). CIs for all other treatment comparisons overlapped with 'no effect', and therefore were not precise enough to be confident regarding the direction of effect (Table 5 ).
SUCRA scores revealed that unreamed nailing had the highest probability of being the best treatment (SUCRA of 86.3%), reamed nailing was second (SUCRA of 54.4%), external fixation was third (SUCRA of 24.1%), and plate fixation was likely the worst treatment (SUCRA of 3.6%) for open tibial shaft fractures ( Table 6 ). Surgical treatments that were informed by only very low-quality evidence were not scored to prevent biasing of the rank list.
Infection and Malunion
CIs around pooled direct estimates of malunion and infection risk were very wide, and estimates warranted only low or very low confidence based on GRADE criteria. No conclusive results could be made on our secondary outcomes based on these data. Because of very few events, wide CIs, a sparse network, and low or very low confidence in direct estimates, we did not conduct network metaanalyses (ie, indirect and combined pooled estimates) for either infection or malunion.
Discussion
Open fractures of the tibial shaft are common and increasing in incidence, especially in the developing world [24] . Because outcomes of existing surgical treatments in open fractures are not necessarily the same as seen with closed fractures [28, 42] , optimal fixation strategies need to be explored. However, there are no large studies comparing all fixation types, and a network meta-analysis offers opportunities to make comparisons that otherwise do not exist in head-to-head surgical trials. We therefore aimed to use a network meta-analysis to determine the surgical option with the lowest risk of reoperation and the lowest risks of malunion, deep infection, and superficial infection.
Limitations
There are some limitations to our review. The most important limitation is that, with the exception of two comparisons, treatment effect estimates were graded as either low or very low confidence, attributable mainly to Open Tibial Shaft Network Meta-analysis 2187 the high risk of bias of included trials and imprecision of the pooled estimates. Although our review represents the best available evidence, this is not necessarily the best possible evidence. Another issue was that there were several inconsistencies between direct and indirect comparisons (ie, incoherence). Incoherence typically is attributable to major differences in the trials that make up each comparison (eg, differences between included patients or cointerventions, or major methodologic differences). We dealt with this issue by first identifying the sources of inconsistency (Tables 4 and 5 ), and second, by using only the highest confidence comparisons as the best estimate of effect, as recommended by the GRADE working group [32] . Finally, functional outcomes were not reported in any of the trials. Quantifying differences in function among available treatment options is important information to inform evidence-based clinical decision-making. This is a research gap future trials must address.
Key Findings
We found that unreamed nail fixation was associated with a lower risk of reoperation compared with external fixation, and this was independent of the Gustilo classification of the fracture. This confirms current knowledge pertaining to higher infection rates with external fixation of open fractures [28] , many of which may go on to require reoperation. Importantly, this finding refers only to definitive external fixation and not temporizing external fixation; the latter is a potentially effective strategy in cases of severe soft tissue contamination or extensive fracture comminution [1, 5] .
Our network meta-analysis also showed insufficient precision to determine whether there was any difference in the risk of reoperation between reamed and unreamed nailing. Although reamed nailing has been shown to be more effective than unreamed nailing in closed fractures [42] , there are concerns regarding poorer outcomes with reaming of open fractures owing to potential disruption of the endosteal blood vessels in the context of preexisting periosteal compromise [35] [36] [37] . Unfortunately, based on the results of our network meta-analysis, the current literature is unable to definitively resolve this issue.
Plate fixation showed a higher risk of reoperation compared with other surgical treatment options in our network meta-analysis (ie, unreamed nailing, reamed nailing, external fixation, and Ilizarov fixation), although confidence in the estimates for these comparisons was low or very low. However, this is consistent with existing recommendations to avoid plate fixation in open tibial fractures owing to higher infection rates and, therefore, potential for reoperation [28] .
Method ranking of surgical treatment alternatives in the network confirmed the aforementioned findings, showing an appreciable gradient with unreamed nailing being the highest ranked (ie, lowest risk of reoperation), followed by reamed nailing, external fixation, and internal plate fixation (ie, highest risk of reoperation). The ranking did not consider treatments informed by very low confidence.
Although our secondary objective was to quantify differences in the risks of malunion, deep infection, and superficial infection among the comparisons, small numbers of reported events prevented us from finding any appreciable differences between treatment options. Future randomized trials must clearly report these complications and be sufficiently large to capture real differences in the frequency of complications between treatments.
Our findings add important new information to the existing literature. There have been numerous systematic reviews using traditional head-to-head meta-analyses for tibial shaft fracture management [3, 4, 7, 11, 26, 31, 47] . Of these, only one evaluated [3] an intervention other than reamed or unreamed nailing. In addition, among the reviews comparing reamed and unreamed intramedullary nailing, open fracture data generally have been underemphasized, methods have been poor (eg, exclusion of non-English studies), and CIs have been very wide. Therefore, there has not been any way for orthopaedic surgeons to determine the best treatment strategy for open tibial shaft fractures. Our network meta-analysis provides clarity regarding conclusions that can be made based on the current literature, while identifying areas where research evidence is poor quality or lacking. Larger and higher-quality head-to-head randomized controlled trials are required to confirm these conclusions and better inform clinical decision-making. 
